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Abstract 
 
 Nanoclusters are small nanoparticles that usually range around a micrometer in 
diameter. Gold Nanoclusters are known for their unique size and surface qualities and do 
not share metallic properties with nanoparticles or their respective bulk material. Some 
metal nanoclusters show high fluorescence and can be synthesized with protein 
mediation. Nanocluster formation depends on a number of variables, including 
temperature, pH, and type of reducing agent. This experiment was done to begin to 
understand how these variables may affect synthesis and what exactly they are. 
Pure Wild Type CSP-1 protein was induced, transformed, and purified in order to 
mediate gold and platinum nanocluster synthesis in a variety of different situations. When 
mixed in solution, the free Au3+ ions from HAuCl4 form clusters by attaching to the many 
cysteine side chains of the protein. Data was collected showing that in a neutral pH, using 
a solution of 50mM Tris and 150mM NaCl, highly fluorescent gold nanoclusters formed. 
These nanoclusters synthesized using 1M sodium hydroxide reducing agent showed the 
brightest fluorescence, a bright red-orange. Nanocluster formation in this experiment was 
confirmed through a matrix assisted laser desorption/ionization test.  It was found that in 
the samples showing fluorescence, gold nanoclusters could be observed with a mass of 
4kDa. This means that a nanocluster formed with around 20 Au atoms.  
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Chapter 1: Introduction 
 
1.1 Nanoparticles and Nanoclusters 
 
Nanoparticles are defined as submicroscopic particles that have a size between one 
and 100 nanometers. Research on nanoparticles has been ongoing for many years and has 
gained popularity for the frustration it has given to scientists and nanochemists. 
Nanoparticles have very unique properties and are structurally much different than their 
respective larger bulk materials. These properties, specifically the size and surface 
qualities, have led scientists to believe that through more extensive research, 
nanoparticles can play an essential role in real world applications such as catalysts for 
different forms of energy, as well as biological labeling and sensing. 
A colloid, or sol, is a mixture of a material with small particles dispersed throughout 
it. Whether the medium is water (a hydrosol), air (aerosol), or whatever else, the problem 
of polydispersity of nanoparticles has long been an issue for colloid chemists. Although, 
in many cases, monodispersity of nanoparticles has been achieved, the real thing that has 
baffled scientists is that no two nanoparticles are the same. However, new studies on gold 
nanoclusters have recently changed that. Nanoclusters are small particles that range from 
smaller than a nanometer to around 2.2 nanometers. They are made up of a few tens of 
atoms.1 The relative size differences between clusters, particles, and bulk materials can 
be seen in Figure 1. Gold nanoclusters have gained particular interest in studying due to 
their vivid colors of fluorescence. Few atom nanoclusters differ greatly from 
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nanoparticles not only in showing fluorescence but they also don’t have the metallic 
properties that the nanoparticles and respective bulk material share.2 
Gold nanoclusters have many varying properties such as discrete electronic states and 
also differing fluorescence based on their size. Three methods have been documented for 
synthetically developing gold nanoclusters in solution: the first being chemical reduction 
of Au3+ in the presence of a stabilizing agent, the next being the synthesis of nanoclusters 
inside chambers of dendrimers and proteins, and the last being the synthesis of 
nanoparticles via etching molecules. It has now been discovered that gold nanoclusters 
can be synthesized and be compound-like, meaning they have a certain formula and can 
be classified with it, instead of being classified according to their size range. 
 
Figure 1. This figure shows the relationship between individual molecules, nanoclusters, 
nanoparticles, and their respective bulk material. 
 
Recent studies by Kawasaki et al. have shown that the synthesis of varying sizes of 
gold nanoclusters is pH-dependent.3 This group used pepsin because of its high tyrosine 
content in order to reduce Au (III) ions in certain pH levels. They reported that porcine 
pepsin contains differing conformational states depending upon the pH level. Due to the 
structural differences and varying interactions strengths between the pepsin chain and the 
gold surface of the nanocluster at different pH levels, the nanoclusters that was 
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synthesized each had distinct sizes ranging from Au5 (5 gold atoms) to Au25 (25 gold 
atoms). They found three separate emissions when put under fluorescence for the 
nanoclusters. Au25 had red emission, Au13 had green emission, and Au5 and Au8 had blue 
emissions.3 Kawasaki et al. performed more studies in order to further research the 
optical properties of these pepsin-mediated gold nanoclusters. 
In this experiment, WT CSP-1 was used along with NaOH or NaBH4 as the reducing 
agent. NaBH4 reduces the Au3+ ions directly, while NaOH reduces the numerous cysteine 
side chains on CSP-1 in an endogenous reaction, allowing for further reduction and 
formation of gold nanoclusters.4 Cysteine, shown in Figure 2, contains a sulfhydryl 
group, which is reduced by the addition of NaOH. 
 
 
Figure 2. This figure shows the structure of the amino acid cysteine. WT CSP-1 
contains a copious amount cysteine side chains within it. 
 
 Extensive research on gold nanoclusters could lead to several potential applications 
in biological sensing and catalysis. Although gold nanoclusters have been found to not be 
as luminescent as their silver counterparts, nanoclusters in general have many outstanding 
applications in nanomedicine.1 These applications include bioassays of DNA, biolabeling 
and cellular imaging, and chemical sensing. Gold nanoclusters also have extremely high 
levels of activity in the low temperature catalytic oxidation of carbon monoxide, 
particularly when compared to its larger bulk material. This is also true in the case of 
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sulfide oxidation and styrene oxidation. Most ultra-small nanoparticles have been known 
to be good catalysts due to their high surface area. They also have shown to be reducing 
agents in the electroreduction of oxygen and to can be used in more areas of 
electrocatalysis. 
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Chapter 2. Protein Expression and Purification 
2.1 Materials and Methods 
Wild type cysteine string protein-1 (WT CSP-1) was used for synthesizing the 
nanoclusters. In order to obtain pure WT CSP-1 protein to synthesize and do work with 
the gold and platinum nanoclusters, the WT CSP-1 had to first be grown, transformed, 
induced, and purified. The transformation protocol was followed so that a primary culture 
could be made. First, BL-21 competent cells were removed from -80 °C and placed on 
ice for ten minutes. This thawed the cells until they were ready to be diluted in 40 µL of 
distilled water. One µL of this diluted gene was transferred to a 10 mL culture tube. 
Then, 50 µL of the thawed cells were added to that same tube and placed on ice. After 30 
minutes, the cells were given a heat shock at 42 °C and then placed back on ice. One mL 
of LB media was then added to the culture tube and incubated in a shaker for an hour at 
37 °C. LB media is a nutritionally rich substance that is commonly used as bacterial food; 
this allows the cell to grow. After this hour, 50 µL of the cells were plated on an LB-agar 
plate that contains 50 mg/mL of kanamycin, a bacterial antibiotic. This agar plate was 
kept over night at 37 °C.  
The next day, colonies had formed on the agar plate. These can be seen in Figure 3. 
A single, fully grown colony was picked and added into a tube of 10 mL of LB media 
and 10 µL of 50 mg/mL kanamycin. Again, it was grown over night at 37 °C in the 
incubator at 180 rpm. This grew the secondary culture. The next day, it was set in one L 
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of LB media with 1 mL of kanamycin added to it. This culture was grown for four hours 
until the OD600 (optical density measured at 600nm) was found to be between 0.4 and 
0.6. This is the optimal growth point. At this point, 5 mL of the cells were kept in a 
culture tube to serve as a control. This is the uninduced culture and was kept later to be 
run in the gel. The rest of the cells (1 L in the culture) were induced with 1 mL of 1M 
IPTG. Isopropyl β-D-1-thiogalactopyranoside (IPTG) is a structural mimic of the lac 
operon and induces transcription of bacterial genes. After this step, the culture was grown 
at 30°C for four to six hours. After this time, the cells were centrifuged and harvested at 
4°C for ten minutes and the pellet was subsequently stored at -20°C. The post-
centrifugation pellet can be seen in Figure 4. 
 
 
Figure 3. This figure shows the bacterial colonies grown overnight on the LB-Agar plate. 
A single colony was transferred with a pipette tip into the tube of LB media and 
kanamycin. 
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Figure 4. This figure shows the induced cells that were harvested after centrifugation at 
4°C and 5000 rpm for 10 minutes. The pellet was stored at -20°C after this for sonication. 
 
The cells were then sonicated with a sonication buffer in order to lyse the cells and 
release the protein. This mixture was sonicated again and the supernatant containing the 
protein was kept to be run through a StrepTrap column for the final step in purification; 
this is shown in Figure 6. The pellets, shown in Figure 5 were also kept to be run through 
gel electrophoresis.  A StrepTrap column is used because of its high affinity for CSP-1, 
allowing impurities and another material to be separated. The protein was loaded into the 
column with a flow rate of 4mL/min and the flow through was collected; this was labeled 
as Flow Through 1. The column was then washed with Buffer W for 6 minutes and the 
flow through was collected (Flow Through 2). Des-thiobiotin is then combined with 
Buffer W to make an elution buffer and was run through the column for seven minutes 
and elutes the purified protein from the column. The amounts of FL1 and FL2 and the 
	   xv 
eluted protein can be seen in Figure 7. The column was then afterwards washed with 
NaOH, water, and Buffer W to be stored at 4 °C. Flow Through 1 contains mainly 
sonication buffer, as this is what the protein is diluted in before this step. Flow Through 2 
contains mainly Buffer W, as this is what is washed through the column after Flow 
Through 1 is collected. Both flow throughs contain impurities. The purified protein is on 
the far right of Figure 7 and is in elution buffer. This is prior to dialysis. 
 
 
 
Figure 5. This figure shows the pellets after centrifugation following sonication. The 
supernatant contains the protein and is kept to be run through the column. However, the 
pellet is resuspended in SDS to be run through the gel along with the purified protein. 
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Figure 6. This figure shows the StrepTrap Column. The StrepTrap has a high affinity for 
the protein and keeps it binded while impurities flow through. The protein is eluted in the 
final step with Buffer W and des-thiobiotin. 
 
 
Figure 7. This figure shows the flow throughs collected from the column and the purified 
WT CSP-1 in the final step. 
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The purified protein was then subjected to dialysis in dialysis buffer (50mM Tris, 
150 mM NaCl, pH 7.8). It was exchanged after 2 hours and then again after sitting 
overnight at 4°C. In the third exchange, 2.5 mM chelex was added to the dialysis buffer. 
Chelex beads bind transition metal ions to further purify the protein. This is done because 
of the high possibility of metal ions being present in the DI water used to make the 
dialysis buffer. After dialysis, it was filtered with a 0.22µM filter to filter out the chelex 
beads. 
After purification is completed, the protein was run through an SDS-Page gel 
electrophoresis to verify its existence and stored in 1.2 mL aliquots at -80°C. The protein 
was first denatured in a 90°C hot bath before being put in the gel in order to break it 
down into its monomeric form. The gel is a 12% Tris-tricine gel run with 1X Tris-tricine 
SDS buffer. Flow Through 1, Flow Through 2, the uninduced, the post-sonication pellet, 
and the pre-purification protein sample are all run in the gel, as well. 
 
2.2 Results and Discussion 
 Due to the large amount of protein needed for the nanocluster syntheses, the 
amounts of the protocol discussed in Chapter 2.1 were doubled. A UV-Vis spectrum was 
taken of the protein and it was found to be at a concentration of 39µM in dialysis buffer. 
Figure 8 shows the gel of the purified protein along with the other samples.  
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Figure 8. This figure shows the gel run after purification of WT CSP-1. From left to 
right, the wells are filled with the high molecular weight ladder, the pellet, the protein 
before purification, the protein after purification, Flow Through 1, and Flow Through 2. 
The numbers on the far left represent the mass in kDa of the corresponding bands of the 
high molecular weight ladder. 
 
 In Figure 8, in the fourth well from the left, which is the protein after purification, 
a band at approximately 13 kDa can clearly be seen. This is consistent with the molecular 
mass of WT CSP-1 protein. The protein exists as a tetramer, but is seen in the gel in its 
monomeric form of 13 kDa, due to the denaturation. This batch of protein was found to 
be 39µM via its UV-Vis spectrum, as seen in Figure 9. The peak at approximately 280 
nm shows the existence of the protein. Using Beer’s Law, and an extinction coefficient of 
8480, the concentration was determined to be 39µM, shown in Equation 1.  
 
Equation	  1.	  	  	  	  	  0.3307	  (absorbance)	  	  	  =	  0.000039	  M	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8480	  (ext.	  coeff.)	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Figure 9. This figure shows the UV-Vis spectrum of WT CSP-1.  
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Chapter 3: Gold and Platinum Nanocluster Synthesis 
3.1 Materials and Methods 
 Many different trials were run in attempt to see fluorescence of gold and platinum 
nanoclusters with different variables and in different conditions. The changing variables 
included using differing buffers, changing pH, changing temperature, and using different 
reducing agents. After each trial, the samples were collected, the fluorescence was 
visualized, and a UV-Vis was taken of the sample. 
For all syntheses, 50µM CSP-1 was used and was made by centrifugal filtration in 
a 10K filter. The concentration of the purified protein was 39µM, so the protein was then 
concentrated and re-diluted to 50 µM appropriate for a normal synthesis. The protein was 
centrifuged in a 10K filter at 12000 rpm and 4°C for 5 minutes each time before re-
dilution.  
A normal synthesis was completed by first adding 100 µL of 50 µM CSP-1 
protein diluted in dialysis buffer (50mM Tris, 150mM NaCl, pH 7.8) to 100 µL of water. 
Nine equivalents of Au3+ ions were added (from a 10mM stock solution of HAuCl4), and 
in the case of 100 µL of 50 µM protein, nine equivalents came out to be approximately 
4.5 µL. The gold and water were allowed to heat in a 37°C oil bath for ten minutes before 
the addition of the CSP-1 protein. After adding the protein, the sample was heated for ten 
more minutes before the reducing agent was added. For normal syntheses, 5% by volume 
of 1M NaOH was the reducing agent used. The sample would then be left at 37°C 
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overnight and taken out in the morning (approx. 16-18 hours) to test for fluorescence and 
the UV-Vis spectra would be taken. The UV-Vis spectrophotometer would be blanked 
with either 50/50 5mM Tris and water or 50/50 dialysis buffer and water, depending on 
what was used in the sample. 
The first set of samples run were normal syntheses with a few exceptions. Instead 
of being in pH 7.8 dialysis buffer, the protein was diluted in 5mM Tris buffer at differing 
pHs. The protein was put in a 10K filter with 5mM solutions of Tris buffer of pHs of 9, 
10, 11, and 12 for centrifugal filtration. After being washed with the Tris buffer, the 
protein was then diluted back to 50 mM in Tris buffer at the respective pH. A normal 
synthesis was run on each of the samples and data was collected the next day.  
The second set was run similarly using the same method to dilute the protein in 
5mM Tris buffer, but instead pH 1 and 13 buffer were used. Also, the samples were put 
in oil baths of 37°C and 50°C. There were a total of four samples: pH 1 and 13 at 37°C 
and pH 1 and 13 at 50°C. 
After this, two more samples were made similar to a normal synthesis, yet also a 
little different. Instead of the samples being half protein and half water, more Tris buffer 
was used to replace the water. The 5mM Tris was at a pH of 1 and 13, like Trial 2. The 
reducing agent was changed from NaOH to NaBH4. Instead of adding 5% by volume, 20 
equivalents of NaBH4 were added. Also 12 equivalents of Au were used instead of 9, as 
used in normal syntheses. The 20 equivalents added came from a 250mM stock solution 
of NaBH4. The samples were left overnight at 37°C, as usual. 
The fourth group was a normal synthesis in every way, except for the amounts of 
reducing agent added. The protein was diluted in normal dialysis buffer of pH 7.8, unlike 
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all previous trials. The amounts of reducing agent added were percentage by volume of 2, 
4, 6, 8, 10, 15, and 20. NaOH was the reducing agent used. Another normal synthesis was 
also run without using any reducing agent. 
After this, Platinum was integrated into the experiments. A normal synthesis with 
9 equivalents of platinum, instead of gold, was made and another sample of 8 eq. Au and 
1 eq. of platinum was made. NaOH was the reducing agent in both of these samples and 
5% by volume was added. More experiments with platinum were then conducted, using 
NaBH4 as the reducing agent in all of them. Samples of 9, 12, 15, 18, and 21 equivalents 
of Pt were made with 10 equivalents of NaBH4 in each. A MALDI was done on the 
samples of 9 equivalents Au, 9 equivalents Pt, and the mixture of 8 and 1 equivalent in 
order to check the mass of the protein along with the mass of the equivalents of Pt and 
Au. Matrices of CHCA and sinapinic acid were used with the MALDI in order to 
determine the mass of the components of the samples. The samples were also run in a 
native gel with the protein itself in order to further check the molecular mass. The 
samples did not need to be heated/denatured since they were being run in a native gel. 
For additional reference for all the samples run, Table 1 was constructed. 
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pH Temperature Metal Buffer Solution Reducing 
Agent 
9 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
10 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
11 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
12 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
1 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
1 50°C 9 eq. Au 5mM Tris H2O 5% NaOH 
13 37°C 9 eq. Au 5mM Tris H2O 5% NaOH 
13 50°C 9 eq. Au 5mM Tris H2O 5% NaOH 
1 37°C 12 eq. Au 5mM Tris 5mM Tris 20 eq. 
NaBH4 
13 37°C 12 eq. Au 5mM Tris 5mM Tris 20 eq. 
NaBH4 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 2% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 4% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 6% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 8% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 10% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 15% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 20% NaOH 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O 5% NaOH 
7.8 37°C 9 eq. Pt 50mM Tris, 
150mM 
NaCl 
H2O 5% NaOH 
7.8 37°C 8 eq. Au, 1 
eq. Pt 
50mM Tris, 
150mM 
H2O 5% NaOH 
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NaCl 
7.8 37°C 9 eq. Pt 50mM Tris, 
150mM 
NaCl  
H2O 10 eq. 
NaBH4 
7.8 37°C 12 eq. Pt 50mM Tris, 
150mM 
NaCl 
H2O 10 eq. 
NaBH4 
7.8 37°C 15 eq. Pt 50mM Tris, 
150mM 
NaCl 
H2O 10 eq. 
NaBH4 
7.8 37°C 18 eq. Pt 50mM Tris, 
150mM 
NaCl 
H2O 10 eq. 
NaBH4 
7.8 37°C 21 eq. Pt 50mM Tris, 
150mM 
NaCl 
H2O 10 eq. 
NaBH4 
7.8 37°C 9 eq. Au 50mM Tris, 
150mM 
NaCl 
H2O None 
Table 1. This is a reference table that shows all the samples run and the differing 
variables in each. 
 
 
3.2 Results and Discussion 
 A UV-Vis spectrum was taken of every sample made and the fluorescence was 
checked with a 365 nm fluorescent bulb. As seen in Figures 10-14, fluorescence was seen 
in all samples synthesized with 9 equivalents Au and NaOH used as the reducing agent. 
Less or no fluorescence was observed in the samples containing NaBH4 as the reducing 
agent or with Platinum as the primary metal. 
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Figure 10. This figure shows the samples synthesized in 5mM Tris at 37°C at pHs of 9, 
10, 11, and 12, from left to right. Slight fluorescence can be seen in vials of pH 11 & 12. 
 
 
Figure 11. This figure shows the samples synthesized with 12 equivalents of Au and 20 
equivalents of NaBH4 as the reducing agent in 5mM Tris solution. The furthest left is the 
pH 13 vial and the furthest right is the pH 1 vial (showing slight fluorescence). 
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Figure 12. This figure shows the vials of normal synthesis with varying amounts of 
NaOH reducing agent added. From right to left, the amounts are 2, 4, 6, 8, and 10 
percent. The fluorescence strengths were all relatively equal. 
 
 
Figure 13. This figure shows the normally synthesized clusters with NaOH additions of 
15% (left) and 20% (right). The fluorescence of these samples appeared to be similar, 
with the 15% NaOH slightly stronger and albeit a little bit stronger than the fluorescence 
of the samples with 10% or less additions of NaOH. 
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Figure 14. This figure shows the normal syntheses of 9 equivalents of platinum (far left), 
8 equivalents of gold and 1 equivalent of platinum (middle), and 9 equivalents of gold 
(right). 
 
 It can be seen that most fluorescence showed in normal syntheses with 9 
equivalents of Au. In the trial run of syntheses in 5mM Tris solution at pHs between 9 
and 12, only the samples at pH 11 and 12 showed any fluorescence, as seen in Figure 10. 
The sample with 1 equivalent of Pt added in showed a little fluorescence, but this is 
probably due to the majority of gold. It showed slightly less fluorescence because there 
was 1 equivalent less than the normal synthesis of 9 equivalents gold. 
 The pH 1 sample with 12 equivalents gold and 20 equivalents NaBH4 as the 
reducing agent showed minimal fluorescence. The same sample at pH 13 showed no 
fluorescence. This is not in accordance with the first trial run, as pH 9 and 10 samples 
showed no fluorescence and pH 11 and 12 did. It would be expected from this that a 
higher pH results in higher fluorescence. However, this was not the case in the samples 
with 12 equivalents gold and 20 equivalents NaBH4, as seen in Figure 11 above. This is 
most likely due to the pH affecting the NaOH reducing agent. At higher pHs, the NaOH 
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reducing agent was not as affected by free H+ ions than at a lower pH, leading to more 
fluorescence. However, NaBH4 is far less affected by the free H+ ions than NaOH. Upon 
the initial addition of NaBH4 to the pH 1 sample, there was a slight pink color change. 
This was the only sample that showed any color change upon addition of a reducing 
agent. 
 Every sample synthesized normally with any amount of NaOH addition showed 
fluorescence. The clusters with 15% and 20% by volume of NaOH added showed slightly 
more fluorescence than the clusters with 10% or less added. The pHs of all of these 
samples were tested after the cluster was synthesized and the pHs came out to all be 
between 9 and 11. The clusters synthesized with 5mM Tris only showed fluorescence at a 
pH of 11 and 12, and showed very little fluorescence in these samples. This confirms that 
dialysis buffer (50mM Tris, 150mM NaCl, pH 7.8) is a better solvent for optimal gold 
nanocluster formation. 
 The protein used, WT CSP-1, is one with a high amount of cysteine residues in its 
inner cavity. The reduction of the sulfhydryl group of cysteine comes from the NaOH 
added through an endogenous reaction. This is the only method that worked according to 
the results, as none of the samples reduced with NaBH4 showed significant fluorescence. 
NaBH4 attempts to reduce the Au3+ ions directly, and was largely unsuccessful in these 
experiments. The UV-Vis spectra were taken of all samples, and a small peak around 280 
nm can be seen in Figures 15-20, representing the protein as observed in Figure 9. The 
peak is not as sharp due to the disturbance of the proteins structure. 
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Figure 15. This figure shows the UV-Vis spectrum of the gold clusters synthesized with 
5mM Tris at the respective pHs shown.  
 
Figure 16. This figure shows the UV-Vis spectrum of the gold clusters synthesized with 
5mM Tris at the respective pHs and temperatures shown.  
 
 
 
300 400 500 600 700
0.0
0.3
0.7
1.0
Ab
so
rb
an
ce
 (a
.u
.)
Wavelength (nm)
 pH9
 pH10
 pH11
 pH12
9 eq. Au
300 400 500 600 700
0.00
0.25
0.50
0.75
1.00
A
bs
or
ba
nc
e 
(a
.u
.)
Wavelength0(nm)
 pH1-37C
 ph1-50C
 pH13-37C
 pH13-50C
	   xxx 
 In the sample synthesized at pH 13 and 50°C, the spectrum is much different than 
the others. It shows a much higher absorbance at all wavelengths and does not being to 
decrease in absorbance until about 300 nm. This could be due to a precipitate forming. 
However, no precipitate was visually observed and no fluorescence was seen in any of 
the samples in Figure 16. 
 In the samples shown in Figure 17 below, fluorescence was observed in the 
sample at pH 1 and none in pH 13 sample. However, the 12 equivalent gold, 20 
equivalent NaBH4 sample at a pH of 13 showed much higher absorbance all throughout 
the UV-Vis spectrum. There were no observable differences seen in the sample other than 
the lack of fluorescence. There is also a much more distinct peak in the pH 13 sample, 
possibly showing that the protein was much more unbothered than the sample at pH 1. 
This is probably because of the lack of nanocluster formation.  
 
Figure 17. This figure shows the UV-Vis spectrum of the gold clusters synthesized with 
5mM Tris at the respective pHs and temperatures shown. NaBH4 was the reducing agent 
used. 
 
300 400 500 600 700
-0.125
0.000
0.125
0.250
0.375
0.500
0.625
0.750
0.875
Ab
so
rb
an
ce
 (a
.u
.)
Wavelength (nm)
 12Au,20NaBH4-Ph1
 12Au,20NaBH4-Ph13
	   xxxi 
 
Figure 18. This figure shows the UV-Vis spectrum of the gold clusters synthesized 
normally at pH 7.8 and 37°C. Different amounts of NaOH reducing agent were used. 
 
 
Figure 19. This figure shows the UV-Vis spectrum of the Pt clusters synthesized 
normally at pH 7.8 and 37°C with differing equivalents of platinum. Ten equivalents of 
NaBH4 reducing agent were used throughout. 
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Figure 20. This figure shows the UV-Vis spectrum of the normal synthesis of gold 
nanoclusters along with the normal synthesis of platinum nanoclusters. The synthesis of 8 
equivalents of gold with 1 equivalent of platinum is also shown. 
 
 
Figure 21. This figure shows the same UV-Vis spectra as Figure 20. These spectra were 
taken 2 weeks after those in Figure 20, showing the same results. This shows the stability 
of the protein and nanoclusters. 
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 A slight absorbance peak at around 280 nm can be seen in all of the above graphs, 
representing the protein peak observed in Figure 9. It is not as clearly defined in any of 
the above spectra as in Figure 9, though. This could be due to the formation of the 
nanoclusters, or just the metal and reducing agent themselves, disturbing the protein’s 
structure. Another spectrum of the samples of 9 equivalents Au, 9 equivalents Pt, and 8/1 
equivalents of Au and Pt was taken again for each after two weeks being stored in a 4°C 
refrigerator. The spectra were practically identical, showing the strong stability of the 
protein and Au nanoclusters. 
 A matrix assisted laser desorption/ionization (MALDI) was also taken of the 
normal sample of 9 equivalents of gold, the 9 equivalents of platinum sample, and the 
sample with 8 equivalents of gold and 1 equivalent of platinum added. A MALDI of the 
WT CSP-1 protein was also taken for comparison purposes. This can be seen in Figure 
22. In performing the MALDI on these samples, the protein was broken down into its 
monomeric form and can be seen clearly at the peak at 13800 m/z. The MALDI is 
measure in mass by charge (m/z), so this peak shows the protein in its monomeric form 
with a mass of 13kDa with a charge of 1+.  As seen in Figures 23 and 24, in the sample 
of 9 equivalents Au and the sample of 8 equivalents Au and 1 equivalent Pt, a small, 
broad peak can be seen around 17800. This shows the presence of a Au nanocluster. The 
additional mass of this peak without the protein is around 400 m/z. When taking the 
molecular mass of Au into account (196.96657 g/mol), it was found that these 
nanoclusters consist of approximately 20 Au atoms. This is consistent with the size of a 
normal nanocluster, which is usually a few tens of atoms.  In the graph of the 9 
equivalent Pt sample,, shown in Figure 25, no peak past the protein peak at 13000 m/z is 
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seen. This confirms that no nanocluster is formed, and is consistent with prior results as 
no fluorescence was observed in any sample of Pt without Au. 
 
Figure 22. This figure shows the MALDI graph of normal WT CSP-1. A sharp, distinct 
peak can be see at approximately 13800 m/z representing the monomeric form of the 
protein. 
 
Figure 23. This figure shows the MALDI of the normal synthesis of 9 equivalents of Au. 
A sharp, distinct point can be seen around 13800 m/z, as in the normal MALDI of the 
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pure WT CSP-1. Another small, broad peak is observed around 17800, representing the 
cluster. 
 
 
Figure 24. This figure shows the MALDI of the sample of 8 equivalents Au and 1 
equivalent Pt in comparison to the 9 equivalent Au sample. The graphs are practically 
similar, except that the peak at 17800 is not quite as intense as the 9 equivalent sample is. 
It is more of a bump and not as exaggerated. This proves that more clusters formed in the 
9 equivalent sample. 
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Figure 25. This figure shows the MALDI of the 9 equivalents Pt sample. The only peak 
seen is the peak at 13800 m/z, representing the protein. No peak past this one is seen, as 
no nanocluster formed. 
 
 All the samples run in the MALDI, shown in Figures 21-24, were run with 
matrices of CHCA and sinapinic acid. The sinapinic acid matrix worked best for all the 
samples and the intensities of the peaks were most clearly shown. Each MALDI observed 
in a range from 5000 m/z to around 20000 or 30000. The MALDI of the purified protein 
alone began at 2000 m/z.  
 Emission and excitation spectra were also taken to verify the existence of the 
nanoclusters. These spectra can be seen in Figure 26. The samples taken in these spectra 
are the normal syntheses with varying percentages of NaOH added. These spectra show 
clear peaks of emission around a wavelength of 625 nanometers and a peak of excitation 
at a wavelength of around 365 nanometers. This proves that the samples showed emission 
and excitation due to the formation of gold nanoclusters. 
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Figure 26. This figure shows the emission and excitation spectra of the samples 
synthesized normally with varying percentages of NaOH reducing agent. 
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Chapter 4: Conclusion 
 
 In conclusion, the studies showed that the optimal conditions for Au nanocluster 
synthesis is a normal synthesis of 9 equivalents of Au and pure WT CSP-1 in 50mM Tris, 
150mM NaCl (dialysis buffer) at pH 7.8 with approximately 15% addition of NaOH 
reducing agent. All normal syntheses of 9 equivalents of Au showed significant 
fluorescence, with any of the specified amounts of NaOH reducing agent used. The 
normal syntheses in solution of 5mM Tris at pH 11 and 12 showed slight fluorescence, as 
well as the pH 1 synthesis with NaBH4 used as the reducing agent. The sample with 8 
equivalents Au and 1 equivalent of Pt showed moderate fluorescence due to the 8 
equivalents of Au. The Pt did not contribute to the fluorescence at all and no Pt 
nanoclusters formed in any sample. No other samples showed any fluorescence, meaning 
no other nanoclusters formed. Sodium hydroxide was clearly the more efficient reducing 
agent to use, as it reduced the many cysteine side chains of the WT CSP-1 in order to 
react with the Au3+ ions to form the nanoclusters. 
 The results of this study are consistent with the studies of Kawasaki et al, which 
showed that the nanoclusters containing 25 atoms of Au (Au25) had red fluorescence. 
According to the MALDI taken, the clusters synthesized in these experiments continued 
approximately 20 atoms, and the fluorescence seen were reddish in appearance, although 
containing an orange tint. The slight change in color is most likely due to using WT CSP-
1; the Kawasaki et al. group synthesized pepsin-mediated Au nanoclusters, instead.  
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 Further extensive research on Au nanoclusters and nanoparticles could lead to 
applications in biological sensing and catalysis. Bioassays of DNA, biolabeling and 
cellular imaging, and chemical sensing are among these applications. In the area of 
electrocatalysis, Au nanoclusters may also play an important role as they are excellent 
reducing agents in the electroreduction of oxygen. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   xl 
Sources 
 
1.    Jin, Rongchao; Zeng, Chenjie; Zhou, Meng; Chen, Yuxiang; “Atomically Precise 
      Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and 
      Opportunities.” Department of Chemistry, Carnegie Mellon University. 2017 
 
 
2.   Bao, Yuping; Zhong Chang; Vu, Dung; Temirov, Jamshid; Dyer, R. Bryan; Martinez, 
 
Jenifer; “Nanoparticle-Free Synthesis of Fluorescent Gold Nanoclusters at       
Physiological Temperature.” J. Phys. Chem. American Chemical Society. 2007 
 
3.   Kawasaki, Hideya; Hamaguchi, Kenji; Osaka, Issey; Arakawa, Ryuichi; “pH 
      Dependent Synthesis of Pepsin-Mediated Gold Nanoclusters with Blue Green and 
      Red Fluorescent Emission.” Wiley-VCH Verlag GmbH & Co. 2011 
 
4.    Zhao, Yaxue; Zhao, Feng; Zhao, Huchen; Su Haibin; “The structural and bonding 
       evolution in cysteine–gold cluster complexes.” Physical Chemistry Chemical 
       Physics. 2013 
 
5.    Kim, Byung Hyo; Hackett, Michael; Park, Jongnam; Hyeon, Taeghwan. “Synthesis, 
      Characterization, and Application of Ultrasmall Nanoparticles.” Chem. Mater. 
      2014 
 
6.    Vita, Nicolas; Platsaki, Semeli; Basle ́, Arnaud; Allen, Stephen; Paterson, Neil; 
      Crombie, Andrew; Murrell, J. Colin; Waldron, Kevin; Dennison, Christopher; “A 
	   xli 
     four-helix bundle stores copper for methane oxidation.” Macmillan Publishers 
     Limited.  2015 
 
